Lysophosphatidic acid (LPA) is an important bioactive phospholipid involved in cell signaling through Gprotein-coupled receptors pathways. It is also involved in balancing the lipid composition inside the cell, and modulates the function of lipid rafts as an intermediate in phospholipid metabolism. Because of its involvement in these important processes, LPA degradation needs to be regulated as precisely as its production. Lysophosphatidic acid phosphatase type 6 (ACP6) is an LPA-specifi c acid phosphatase that hydrolyzes LPA to monoacylglycerol (MAG) and phosphate. Here, we report three crystal structures of human ACP6 in complex with malonate, L-(+)-tartrate and tris, respectively. Our analyses revealed that ACP6 possesses a highly conserved Rossmann-foldlike body domain as well as a less conserved cap domain. The vast hydrophobic substrate-binding pocket, which is located between those two domains, is suitable for accommodating LPA, and its shape is different from that of other histidine acid phosphatases, a fact that is consistent with the observed difference in substrate preferences. Our analysis of the binding of three molecules in the active site reveals the involvement of six conserved and crucial residues in binding of the LPA phosphate group and its catalysis. The structure also indicates a water-supplying channel for substrate hydrolysis. Our structural data are consistent with the fact that the enzyme is active as a monomer. In combination with additional mutagenesis and enzyme activity studies, our structural data provide important insights into substrate recognition and the mechanism for catalytic activity of ACP6.
INTRODUCTION
Lysophosphatidic acid (LPA) is the simplest bioactive phospholipid in nature. It consists of a single fatty acyl chain, a glycerol backbone and a free phosphate group. Due to the length of the acyl chain and varying degrees of unsaturation, various structurally diverse forms of LPA exist. LPA is now widely accepted as an important extracellular signal molecule that elicits growthfactor-like activation of G-protein-coupled receptors (GPCRs) (Moolenaar, 1994) . LPA has been shown previously to induce a variety of biological functions, including cell growth, neurite retraction, chemotaxis of fi broblasts, membrane depolarization in quiescent fi broblasts (Moolenaar et al., 1992) . As an inducer of cell proliferation, migration and survival, LPA also contributes to cancer initiation and progression as well as to metastasis (Mills and Moolenaar, 2003) . Recently, the discovery of new LPA receptor types in skeletal cells supports its newly identifi ed role in skeletal biology (Blackburn and Mansell, 2012) .
More fundamentally, LPA exists as an intermediate lipid in phospholipid metabolism inside the cell, and plays an important role in modulating the structure and fl uidity of lipid rafts. LPA synthesis occurs through a number of pathways. For instance, LPA can be derived from phosphorylation of monoacylglycerol (MAG) by the MAG kinase, or from hydrolysis of phosphatidic acid (PA) by phospholipase A1 or A2 (Kanoh et al., 1986; Thomson and Clark, 1995; Gaits et al., 1997) . The acylation of glycerol-3-phosphate (G3P) by G3P acyltransferase is also involved in LPA production (Bell and Coleman, 1980) . Another pathway starts from dihydroxyacetone phosphate, which is
RESULTS

Overview of ACP6 structure
The structures of ACP6-malonate, ACP6-tris and ACP6-L-(+)-tartrate complexes were solved by Se-SAD or MR method (Table 1 ). The final R work values were 17.6%, 16.9% and 20.1%, respectively (with R free values of 22.3%, 20.1% and 24.9%). All crystals belong to the P2 1 2 1 2 1 space group, and only one molecule of ACP6 is in the asymmetric unit, with Matthews coeffi cients of 2.07 Å 3 /Da, 2.66 Å 3 /Da and 2.50 Å 3 /Da, respectively (the corresponding solvent contents were 41%, 54% and 51%) (Matthews, 1968) . The three structures were nearly identical by superposition. The r.m.s.d. between ACP6-malonate and ACP6-tris was 0.5 Å for 313 residue pairs, while it was 0.3 Å between ACP6-L-(+)-tartrate and ACP6-tris when 337 residue pairs were compared.
The garlic fl ake-shaped structure of ACP6 has an overall dimension of 71 Å × 52 Å × 41 Å, and can be divided into two domains ( Fig. 1A and 1B) . The Rossmann-fold-like body domain is similar to the classic α/β core domain of enzymes belonging to the histidine acid phosphatase superfamily, including a seven-stranded β-sheet in the middle, two α-helices (α2, α3) on one side and four helices (α9, α10, α11, α12) on the opposite. The β-strands are arranged in parallel with an order of β2-β4-β3-β5-β1-β6-β7, except that β6 is antiparallel. Compared to the classic α/β core domain, β2 represents an additional strand, which is inserted between β1 and β3. Viewed from β7 to β2, the strands exhibit a decrease in length towards β2, with the β sheet twisting counterclockwise for about 107°. Most of the helices around the sheet are approximately vertically arranged, except for the inclined α10 and the bent N-terminus of α9. Such three-layered structure makes the body domain a stable core of the enzyme. The α-helices-only cap domain covers the body domain, which contains three sections: 1) the part of the loop between β1 and β2 that covers residues positioned from 63 to 81; 2) α1 and the following loop; and 3) a helix bundle (α4-α8) inserted between β4 and α9 of the body domain. The interaction between α6 and section 1 locks the bundle of helices in an inclined position, forming a cap on top of the body domain. Helix α1 is also restrained on the other side of section 1 by the interaction of its following loop with section 1, but it is missing in structures of ACP6-malonate and ACP6-L-(+)-tartrate, implying its positional fl exibility. The junction of the two domains forms a large substrate-binding pocket as well as a hole in the structure (Fig. 1C ). There are two conserved disulfide bridges in the structure. One is formed between Cys208 and Cys416, linking α12 at the C-terminal of the peptide chain and α4 in the middle of the chain. It is noted that in the ACP6-tris structure, the distance between the corresponding S atoms is 3.84 Å, which is beyond the limit of disulfi de bond formation, possibly caused by reduction during X-ray diffraction. The other bond is between Cys388 and Cys393, locking a five-residue turn outside β7 strand. Both disulfide bridges participate in stabilizing local structures. By checking the B factor for every residue in the molecule, we found that the inner residues, especially those around the active site, are less fl exible compared to those at the surface. Thus, the whole 45-kDa large architecture strongly supports the structure of the substrate-binding pocket, together with the active site within, which is required for catalysis.
A 3D structure alignment-based similarity search against the PDB database provided by the Dali server showed that the most similar homologous structure of ACP6 is human prostatic acid phosphatase (hPAP), which shares 25% sequence identity with ACP6, with an r.m.s.d. of 3.7 Å between the 270 residue pairs (LaCount et al., 1998; Jakob et al., 2000; Ortlund et al., 2003) . Other signifi cant hits included histidine acid phosphatase from Francisella tularensis (FtHAP), phytase and glucose-1-phosphatse from Escherichia coli, all of which belong to the histidine acid phosphatase superfamily (Lim et al., 2000; Lee et al., 2003; Singh et al., 2009) . Our structure provides
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& further evidence that ACP6 is indeed a member of the histidine acid phosphatase superfamily. Multiple sequence alignment and structure superposition showed that the body domain of ACP6 is conserved, while the cap domain is much more different from homologous structures (Figs. 1D and 2 ).
ACP6 is active as a monomer
Unlike the dimeric PAP and FtHAP, ACP6 mainly appeared in its monomeric form in solution when analyzed by gel fi ltration (Fig. S1) . Also, our structural data indicates that there is only one molecule in the asymmetric unit. Performing a PISA analysis (Krissinel and Henrick, 2007) , we found that the largest interface area buried by the symmetry-related molecules is 633 Å 2 , with a complex formation significance score of 0.0, which means the interface is just a result of crystal packing. Thus, no evidence was collected that dimers exist within the (Fig. 3B) . Furthermore, His192 in β4, which corresponds to His143 of rPAP, is blocked by a turn in the loop between β2 and α1, and in addition, Asp107 interacting with His143 in rPAP is replaced by Asn165 in ACP6. Moreover, an additional triangular structure (fragment 77-116) was observed to block the corresponding dimer interface completely. In concrystal lattices. In the case of dimeric rat prostatic acid phosphatase (rPAP), two residues important for oligomerization, were found to be Trp137 and His143 (Porvari et al., 1994) . Trp137 is located in a protruding loop of the rPAP structure, which interacts with another Trp137 in the dimeric subunit through stacking of their aromatic rings (Fig. 3A) . In contrast, a short loop between α3 and β4 takes place of the protruding 
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& ing different kinds of substrates. For instance, PAP has a small and shallow pocket with two stretching grooves for PNPP, LPA and PA (Fig. 5A ). FtHAP has a narrow pocket clamping 3′-AMP (Fig. 5B ). In contrast, ACP6 possesses a large pocket that is only suitable for LPA but not for other substrates (Fig. 5C ), which was confi rmed by our enzyme activity studies ( Fig. S2 ) and by results from a previous report (Hiroyama and Takenawa, 1999) . Smaller molecules such as PNPP, 3′-AMP, 5′-AMP are not preferred substrates, because there are no suitable residues near the phosphate group-binding site to stabilize (or clamp) their small alcohol group in ACP6 compared to PAP and FtHAP. On the other hand, there is no space for more than one acyl chain in the pocket, indicating that PA may clusion, ACP6 is not able to dimerize and is likely to be soluble only as a monomer. It is known that dimerization is indispensable for the activity of PAP. Whilst the deletion of the triangular structure will cause inhomogeneous oligomerization and loss of activity (Figs. 4C and S1), the presence of such structure, instead of dimerization, should keep ACP6 active in its monomeric form. 
The substrate-binding pocket
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binding, but the interactions are relatively weak, as inferred from the unfavorable bond angles. In the case of the ACP6-L-(+)-tartrate complex, the carboxyl group on one end protrudes from the active site due to the larger size of tartrate (Fig. 5F ).
The other carboxyl group in the center mainly interacts with the guanidinium group of Arg58. However, the two groups are not in the same plane, possibly due to the interaction of the distal hydroxyl and carboxyl groups with His334 and Arg168. In fact, four O atoms from two hydroxyl groups and the central carboxyl group form the four apexes of a tetrahedron conformation, interacting with surrounding residues and stabilizing the molecule in its position. The tetrahedron conformation here resembles the P i binding manner in FtHAP and hPAP (PDB code: 3IT0 and 1ND6) (Ortlund et al., 2003; Singh et al., 2009 ).
The interaction between ACP6 and L-(+)-tartrate resembles that observed in the structure of FtHAP complexed with L-(+)-tartrate (PDB code: 3IT1) (Singh et al., 2009 ). In the case of the ACP6-tris complex, all three hydroxyl group arms of tris are interacting with surrounding residues through hydrogen bonds. Two of the arms mainly interact with Arg58 in parallel, and the third arm is immobilized by Arg168 and His334 (Fig. 5G ). The positively charged amino group points to the bulk solvent of the pocket, and interacts with Asp335, as well as an adjacent water molecule. Interestingly, the four arms of tris also present a tetrahedron conformation that resembles P i , but is more apparent than that of L-(+)-tartrate. In conclusion, analysis of the binding manners of the three molecules has shown that four residues in the active site (Arg58, Arg62, Arg168 and His334) function together as a positively charged paw, which clamps the phosphate group as well as these small molecules. Furthermore, the proton bound to the Nε atom of His59 is donated not be a preferred substrate either. To inspect how the pocket is formed, we compared the structure of ACP6 with hPAP. The superposition showed that the existence of α1 increases the height of the left-front side wall of the pocket, which deepens the active site within (Fig. 5D ). The fragment 216-225 between α4 and α5 in ACP6 blocks one groove stretching from the pocket of hPAP. Compared to hPAP, the α6 of ACP6 has a shorter N-terminus, and the C-terminus of α8 shifts backwards. All these differences contribute to the shape of the right half of the ACP6 pocket. The other groove of hPAP is also blocked in ACP6, namely by the side chains of a U-shaped loop between β4 and α4. Furthermore, hydrophobic residues inside the pocket create a hydrophobic environment (Fig. 5D) . Thus, based on these structural features, it is possible for ACP6 to readily fi t and hold the long acylglyceroyl group of LPA inside its pocket.
The active site
The active site of ACP6, composed of six conserved residues including Arg58, His59, Arg62, Arg168, His334 and Asp335, presents a positively charged area inside the substrate-binding pocket on the surface presentation of electrostatics (Fig. 5C) , which is suitable for binding the negatively charged phosphate group of the substrate. Interestingly, in each of our solved structures, there is a small molecule occupying this site. Malonate and L-(+)-tartrate were constituents of the crystallization reservoir, whereas tris was a component of the protein buffer.
In the case of the ACP6-malonate complex, one carboxyl moiety of malonate mainly interacts with the guanidinium group of Arg58 through a pair of nearly parallel salt bonds, while the other carboxyl moiety mainly interacts with Arg168 in identical fashion (Fig. 5E ). Other residues also participate in malonate 
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should be unable to protonate the leaving alcohol group of the substrate. It is worth noting that Asp335 interacts with a water molecule near the N′ atom. This water is considered to be activated by Asp335, to protonate the leaving alcohol group of substrate and then release P i . Mutation of any of the six conserved residues in the active site to alanine resulted in a complete loss of enzyme activity (Fig. 4A) , which is consistent with their contribution in phosphate group binding and hydrolysis, as inferred from structural analysis.
to the three surrounding alkaline arginines. This fact, together with its position, turns the Nε atom of His59 into the nucleophile of the enzyme. On the other hand, the N′ atom of tris is located opposite to the side of the nucleophilic attack and orients towards the bulk solvent of the pocket, which suggests that the leaving alcohol group of the substrate is covalently bound to the phosphate group at the corresponding position of the N′ atom. Given that the pK a of aspartic acid is 3.9, Asp335 should be deprotonated at physiological pH conditions, and therefore 
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Protein Cell & (Fig. 6A ). This 7.5 Å long channel, with a diameter of about 7.0 Å, is constituted by residues from α6 (Leu253, Asp254, Ala257), α8 (Glu278), the loop between α10 and β6 (Trp352, Pro353, Pro354, Phe355), and Arg58 in the active site, which makes the only hydrophilic part inside the channel (Fig. 6B ).
Water-supplying channel
In the surface representation of ACP6, a channel is located above the active site, connecting the substrate-binding pocket with the bulk solvent on the backside of the molecule 
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strates are too long to fi t into the pocket. Next, the effect of unsaturated bonds was studied by comparing the results of 18:1-LPA and 18:0-LPA (Fig. 4E) . Surprisingly, 18:1-LPA exhibited twice the activity of 18:0-LPA. This is because the carboncarbon double bond in 18:1-LPA induces a sharp turn in the overall conformation of LPA, facilitating the accommodation of such a long chain in a favorable conformation in the substratebinding pocket.
To investigate how the substrate binds within the pocket, we introduced obstacles inside the right half of the pocket, by constructing the S285W and L289W mutants (Fig. 5D) . The enzyme activity results showed that 6:0-LPA was not affected, 14:0-LPA preserved only half of the wild type activity, yet longer LPAs exhibited almost no activity (Fig. 4E) , which suggests that the right half of the pocket participates in binding the acyl chain of substrates longer than 14:0-LPA. Note that the hydrophilic helix α1 at the entrance of the pocket in ACP6 is an additional structural feature, which is absent in other histidine acid phosphatases, and it is fl exible in its position. To investigate the function of this specifi c helix, a multipoint mutant M106-112 (YDSQYHE → AASAAAA) was constructed and tested (Fig. 4C) . We observed that this mutant lost nearly all activity compared to wild type, which confi rmed the participation of α1 in substrate recognition. Furthermore, two tyrosine residues Tyr106 and Tyr110 on α1 were analyzed and considered to interact with the substrate through hydroxyl groups, as based on their positions in the structure (Fig. 5D ). This prediction was confi rmed by weakened activity of mutants carrying either two single mutations Y106F, Y110F, or one double mutation Y(106, 110)F (Fig. 4C) .
Several substances such as propranolol, sodium fluoride and N-ethylmaleimide have previously been described as phosphatase inhibitors (Jamal et al., 1991; Kanoh et al., 1992) .
In ACP6-tris, six water molecules are observed in this channel. Through hydrogen bond interaction, fi ve interact with each other in tandem and form a water molecule chain. Within the channel, only Arg58 participates in the interaction with two water molecules, and the terminal water molecule of the chain is caught by Asp335. There are also abundant water molecules near the entrance of the channel on the backside surface (Fig. 6A) . Taken together, these structural features suggest that the channel is for supplying water from the bulk solvent on the backside of the molecule to the active site for hydrolysis reaction. To confi rm the water-supplying channel, we blocked the channel by mutating Ala257 at the entrance of the channel to either leucine, phenylalanine or tryptophan. In a subsequent enzyme activity assay, the mutants showed a gradual loss of activity with an increase in size of the hydrophobic side chain (Ala < Leu < Phe < Trp) (Fig. 4B) . Thus, our results indicate the presence of a water-supplying channel, which is indispensable for enzymatic function of ACP6.
Substrate recognition and catalysis
LPA is a series of phospholipids with different lengths and degrees of unsaturation of the acyl chain. Firstly, we studied the enzyme activity of ACP6 on different length of saturated LPAs, plus G3P which lacks the fatty acyl chain of LPA (Fig. 4E) . Our results indicated that G3P could not be hydrolyzed by ACP6, suggesting that the fatty acyl chain is indispensable for substrate recognition. Furthermore, our results showed that the activity increased with the length of acyl chain to a peak value on 14:0-LPA, which suggests that a longer acyl chain can help with substrate binding, and that 14:0-LPA is the most favorable substrate in terms of its length. However, the activity gradually decreased again, when the substrate length was increased above the optimal 14:0-LPA, which suggests that these sub- (Jakob et al., 2000) . In ACP6, a part of fragment 77-116 (residues 85-94) resembles the interacting fragment in the other dimeric subunit of PAP and covers helix α3 ( Fig. 3A and 3B ). Through this mechanism, Arg168 is kept in the right position, and thus enabling the enzyme to establish activity even as a monomeric molecule. By analysis of its signal peptide sequence, ACP6 was confi rmed to be localized and to function in the mitochondria. It was shown previously that deletion of its signal peptide caused the loss of activity (Hiroyama and Takenawa, 1999) . Intriguingly, the wild type ACP6 exhibits normal activity in our enzyme activity studies, even when the signal peptide was deleted. Though ACP6 is an acid phosphatase, the optimal pH on LPA degradation is 7.5, and activity is maintained over a wide range, between pH 6.0 and 8.5 (Hiroyama and Takenawa, 1998) . In contrast, the catalytic activity of homologous rat PAP and human LAP on p-nitrophenyl phosphate (PNPP) is highest at pH 5.4 and 3.0, respectively (Porvari et al., 1994) . Note that two polar residues, Tyr123 and Arg127 are located at the entrance of the substrate-binding pocket in rPAP, whereas the corresponding residues in LAP are lysine and glycine (Schneider et al., 1993) . The Y123K and R127G double mutant of rPAP shifted the optimal pH to 4.5 (Porvari et al., 1994) , which implies that the optimal pH for catalysis may be related to the distribution of positively charged residues at the entrance. In ACP6, there are three arginines at positions 212, 216 and 219, making up a positively charged area at the entrance of the pocket (Fig. 5C ), which may be the underlying reason for the observed pH profi le of ACP6.
Our crystal structures clearly indicated that L-(+)-tartrate, malonate and tris formed complexes with ACP6, and bound to its active site. Surprisingly, our results indicated that none of them inhibited the enzyme activity of ACP6 under neutral pH condition. Previous reports considered that L-(+)-tartaric acid is an inhibitor of histidine acid phosphatase. It also worked for ACP6, however, by changing the pH value lower to 3.5 which actually caused the loss of activity. Whilst L-(+)-tartrate did not affect the pH value of the reaction system as well as the enzyme activity. One possible explanation for these results could be that, all the three ligands are able to bind to the active site, yet their binding affi nities may not be high enough to inhibit the enzyme activity of ACP6. By measuring the interaction distance between L-(+)-tartrate and surrounding residues, we found that L-(+)-tartrate was bound more loosely in ACP6 than in FtHAP (the average distances are 2.95 Å and 2.89 Å, respectively).
To elucidate the molecular details of the interaction between proteins and LPA, several structures of LPA-protein complexes have been solved. For instance, Ex-FABP forms a β-barrel structure with 14:0-LPA, where it binds in the central channel (Correnti et al., 2011) . In the case of anti-LPA antibody (LT3015), dimerization creates the binding channel to accommodate 14:0-LPA, leaving a tail protruding out of the channel (Fleming et al., 2011) . In contrast, autotaxin accommodates the body of LPA in a groove, with the tail completely buried in a nearby Our inhibition studies showed that addition of propranolol and sodium fl uoride resulted in complete inhibition of ACP6 activity, with a 10 times dose of substrate, whilst N-ethylmaleimide inhibited its activity by only about 30% (Fig. 4D) . Moreover, the inhibitory effect of citrate, L-(+)-tartrate and malonate which appeared either in our structures or in the crystallization condition was tested (Fig. 4D) . However, no inhibitory effects on enzyme activity were observed. Note that L-(+)-tartaric acid is also considered as an inhibitor for histidine acid phosphatases (Van Etten and Saini, 1978; Ostanin et al., 1994) . Nevertheless, it exhibited no inhibitory effects on ACP6, at least not under the neutral pH conditions tested.
Previously, it was shown that Triton X-100 was necessary for the ACP6 enzyme activity assay; however, its exact role was not examined. As we know, the steps of catalysis include substrate recognition, hydrolysis, P i releasing and MAG dissociation. In order to disseminate the specifi c step of catalysis at which Triton X-100 is involved, we modifi ed the activity assay by increasing the protein amount equal to LPA (from 2 × 10 -3 nmol to 50 nmol) and tested the ACP6 activity without Triton X-100 (Fig. 4F) . The results showed a production of P i close to 50 nmol, revealing that nearly all of the LPA in the reaction system was hydrolyzed without the help of the detergent, which suggests that Triton X-100 does not affect the actual steps of substrate recognition, hydrolysis and P i releasing. To confi rm the effect of Triton X-100 on the last step, we tested the enzyme activity for different LPAs in the absence of this detergent (Fig. 4E) . Of all the different LPAs, only 6:0-LPA exhibited activity. Given that all the products of MAGs are insoluble except for the product of 6:0-LPA, the role of Triton X-100 appears to be at the stage of dissociation and solubilization of the MAGs.
DISCUSSION
ACP6 was isolated and characterized many years ago Takenawa, 1998, 1999) . However, its substrate recognition and catalytic mechanism have not been studied before. Whilst several homologous structures are available from the database to explain these questions from a general histidine acid phosphatase family perspective, it is important to take into account differences in amino acid composition, resulting in enzyme-specifi c substrate preferences, and structurefunction particularities. Here, we solved the crystal structure of ACP6, the fi rst structure of a lysophosphatidic acid-specifi c phosphatase. ACP6 shares several structural elements of significant similarity with other histidine acid phosphatases, among which hPAP is the most closely related. However, hPAP forms a dimeric structure, which is the basis for its catalytic activity, whereas its monomeric form is essentially inactive (Kuciel et al., 1990) . Interestingly, the additional fragment 77-116 in ACP6 forms a triangular structure and blocks the corresponding dimer interface. Since ACP6 exists only as a monomer, the question arose as to how activity is established. It was hypothesized that dimerization of PAP could affect the positioning of the interacting helix, which represents the scaffold for require a constant and well-regulated supply of phospholipids for membrane integrity (Twig et al., 2008; Osman et al., 2011) . Moreover, this organelle also plays a role in inter-organelle traffi cking of the intermediates and products of phospholipid biosynthetic pathways (Lebiedzinska et al., 2009; Osman et al., 2011) . To our knowledge, ACP6 is highly expressed in mitochondria-rich cells, where it regulates the mitochondrial functions by modulating phospholipids of its membrane. However, little else is known about the precise connection between ACP6 activity and mitochondrial functions. Therefore, based on our work and previous studies, more efforts will be needed to comprehensively characterize the role of ACP6 in the mitochondria.
MATERIALS AND METHODS
Molecular cloning
The DNA sequence encoding human ACP6 without signal peptide (residues 33-428) was amplifi ed from a cDNA clone BC034686 by PCR. The PCR was performed on a thermal cycler (BioRad) with procedure as follows: 95°C for 30 s; 55°C for 30 s; 72°C for 90 s for 35 cycles, with two primers as listed in Table S1 . The product was subcloned into expression vector pGEX-6p-1 (GE Lifesciences), after digestion with BamHI and XhoI (TaKaRa). The plasmid containing coding sequence of ACP6 (residues 33-428) was then transformed into E.coli BL21 (DE3) for protein expression.
Site-directed mutagenesis
Mutants were prepared by PCR with the native ACP6 expression plasmid as a template. Primers were designed for different mutagenesis as listed in Table S1 . All mutants were constructed as per TaKaRa Mutan-BEST Kit instructions. DNA sequencing for constructs were performed to validate successful mutagenesis.
Expression and purifi cation of ACP6
GST-tagged ACP6 (residues 33-428) protein was expressed at 16°C, upon induction with 0.5 mmol/L Isopropyl β-D-thiogalactoside for 20 h. Cells were harvested after centrifugation at 4600 g for 30 min, resuspended with 1× PBS, pH 7.4, lysed by sonication, and centrifuged at 30,000 g for 30 min to remove cell debris. The supernatant was collected and passed through a column loaded with Glutathione Sepharose 4B beads. GST-ACP6 was eluted with buffer containing 15 mmol/L reduced glutathione, 50 mmol/L Tris-HCl, pH 7.0, and 150 mmol/L NaCl. The GST tag was cleaved with PreScission Protease (GE Lifesciences) at 4°C overnight, after the protein was dialysed in cleavage buffer (50 mmol/L Tris-HCl, pH 7.0, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT), and the tag was removed by passing through Glutathione Sepharose 4B beads once more. ACP6 was exchanged in buffer containing 50 mmol/L Tris-HCl, pH 8.0, and 50 mmol/L NaCl, applied to a column of Hitrap Q HP equilibrated with the same buffer, and eluted with a 0.05-1 mol/L linear gradient of NaCl. Fractions were pooled and concentrated and further purifi ed on a Superdex75 10/300GL gel fi ltration column equilibrated with buffer containing 20 mmol/L TrisHCl, pH 8.0, and 150 mmol/L NaCl. Proteins were collected with high purity and homogeneity and concentrated to 10 mg/mL for crystallizadeep hole (Nishimasu et al., 2011) . However, dissimilar to the above-described structures of a channel, a hole or even a groove, we have shown that ACP6 accommodates the bent LPAs in a large pocket in various conformations due to the different lengths and degrees of unsaturation of LPA, which was supported by the various enzyme activities on LPAs. A similar relationship has been described between LPA structure and its binding for a series of ATX-LPA complexes (Nishimasu et al., 2011) .
The binding modes of the three molecules in our ACP6 structures implied the binding manner of P i , and a catalytic mechanism similar to that of other histidine acid phosphatases. Three arginines, Arg58, Arg62, Arg168, and one histidine, His334, are positively charged to allow for P i binding; His59 is very likely to be the enzyme nucleophile attacking P i ; and Asp335 may activate a nearby water molecule from the channel, which would then protonate the leaving alcohol group of the substrate, then attack the phosphoenzyme intermediate and fi nally release P i . However, to date, no reports are published for histidine acid phosphatases discussing how water is supplied during catalysis. Upon closer inspection of the cutaway view of the ACP6 molecule, an electron density of a water molecule chain was clearly visible inside the hole structure. As expected, this hole was confi rmed to be a water-supplying channel by our mutagenesis studies. Therefore, we suggest that holes of similar structure as described for PAP and Ft-HAP could fulfi ll similar function. However, some homologous phosphatases that hydrolyze hydrophilic substrates, including phytase and glucose-1-phosphatase, do not possess such structure. Thus, we propose that water is supplied exclusively from their hydrophilic substrate-binding pockets. In contrast, for ACP6, PAP and FtHAP, water could also be supplied from this pocket structure; however, competition with a hydrophobic substrate from the same path does not constitute an effective way for enzyme reaction. Therefore, we propose that the hole opens in a yet unidentifi ed manner that facilitates the supply of water molecules, other than through directly entering the hydrophobic pocket. Moreover, considering the role of Triton X-100, we conclude from our data that there should be an assistant molecule in vivo to help the dissociation and solubilization of the reaction product, MAG.
In conclusion, since LPA is an important signaling molecule involved in many cell activities, and because it also modulates the composition and function of lipid rafts, our structural and primary biochemical studies of ACP6 have provided crucial clues on its substrate recognition and catalytic mechanism, which should contribute to a better understanding of LPA degradation by ACP6. However, the structure of ACP6 complexed with LPA is still needed to uncover the details. On the other hand, mitochondria are known as functionally important organelles, not only for supplying cellular energy, but also for being involved in tasks such as signaling, cellular differentiation, cell death, as well as the control of the cell cycle and cell growth (McBride et al., 2006) . Because mitochondria are dynamic organelle constantly undergoing fi ssion and fusion events, they RESEARCH ARTICLE Protein Cell & tion. SeMet labeled ACP6 was expressed in methionine-free media supplemented with 60 mg/L L-SeMet, with the purification method being the same as for native protein. Mutant proteins were purifi ed according to the same purifi cation protocol.
Crystallization
Crystal screening experiments were fi rst carried out at 16°C by the mosquito crystallization setting robot (TTP LabTech), with a "hanging drop" vapor diffusion method by mixing 200 nL of protein solution (10 mg/mL in 20 mmol/L Tris-HCl, pH 8.0 and 150 mmol/L NaCl) and 200 nL reservoir solution from commercial crystal screen kits. Crystals appeared the next day in some conditions. Three conditions (Condition 1: 0.2 mol/L sodium tartrate dibasic dihydrate, 20% (w/v) PEG3350; Condition 2: 0.2 mol/L sodium malonate, 20% (w/v) PEG3350, pH 7.0; Condition 3: 0.02 mol/L citric acid, 0.08 mol/L Bis-Tris propane, 16% (w/v) PEG3350, pH 8.8) were optimized, before crystals could grow bigger, and were qualifi ed for X-ray diffraction experiment. Crystals of SeMet-ACP6 were grown under the same conditions.
Data collection and structure determination
X-ray diffraction data were collected at 100 K on beamline BL17a at KEK (Tsukuba, Japan). The structure of ACP6 was determined using single-wavelength anomalous diffraction (SAD) method. Two data sets of SeMet-ACP6 (ACP6-malonate and ACP6-tris) were collected at wavelength 0.98 Å and both were processed to 2.20 Å resolution with the HKL2000 software (Otwinowski and Minor, 1997) . Ten of the fourteen expected selenium sites were located using the ShelxD program (Schneider and Sheldrick, 2002 ). Phasing, model building and structure refi nement were performed using Phenix software suite (Echols et al., 2012) . The models were further refi ned manually using Coot software (Emsley and Cowtan, 2004) . Another native data set (ACP6-L-(+)-tartrate) was collected at 1.00 Å wavelength and processed to 2.17 Å resolution, and the phase was solved by Phaser program in CCP4 program package via molecular replacement (MR) method using the above refi ned ACP6-tris structure as searching model (Potterton et al., 2003; McCoy et al., 2007) . The refi nement strategy after MR was the same as the other two models. Data collection and refi nement statistics are provided in Table 1 . Secondary structures were defi ned using the DSSP program (Kabsch and Sander, 1983) . Structural figures were prepared using Pymol software (Schrodinger, 2010) . Structural similarity searches were performed using the Dali server (Holm and Rosenstrom, 2010) . Sequence alignment was performed using the program Clustal W (Larkin et al., 2007) , and the alignment fi gures were generated by the ESPript server (Gouet et al., 2003) .
Phosphatase activity assay
The fi rst step of the phosphatase activity assay was the enzyme reaction in a 50 μL mixture containing 100 ng enzyme, 50 nmol substrate and 200 nmol Triton X-100 together with buffer containing 20 mmol/L Tris-HCl, pH 8.0, and 150 mmol/L NaCl. Then, the product of P i was separated and quantitatively measured as described before (Black and Jones, 1983) . In brief, after reaction at 37°C for 15 min, 200 μL chloroform/methanol (1:2) was added, then 80 μL chloroform and 80 μL 1 N HCl were further added. It was mixed vigorously, and then, after centrifuged at 1200 g for 5 min, the mixture separated to two phases. 125 μL of the upper phase was transferred into another eppendorf tube. 25 μL perchloric acid, 25 μL 10% (w/v) ammonium molybdate and 50 μL 10% (w/v) ascorbic acid were added and then the mixture was boiled at 95°C for 5 min. The absorbance was measured at 795 nm with a VarioshanFlash spectrophotometer (Thermo). Inhibition assays were carried out by adding 0.5 μmol potential inhibitor into the enzyme reaction system before enzyme activity detection.
ACCESSION NUMBERS
The coordinates and structure factors have been deposited in the PDB database. Accession codes: 4JOB, 4JOC and 4JOD.
